A Fe-31.2Pd (at.%) alloy exhibits a weak first-order martensitic transformation from a cubic structure to a tetragonal structure near 230 K. This transformation is associated with significant softening of elastic constant C . Because of the softening, the alloy shows a large elastic strain of more than 6% in the [001] direction. In addition, the alloy has a critical point and shows a high elastocaloric effect in a wide temperature range for both the parent and the martensite phases.
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A Fe-31.2Pd (at.%) alloy exhibits a weak first-order martensitic transformation from a cubic structure to a tetragonal structure near 230 K. This transformation is associated with significant softening of elastic constant C . Because of the softening, the alloy shows a large elastic strain of more than 6% in the [001] direction. In addition, the alloy has a critical point and shows a high elastocaloric effect in a wide temperature range for both the parent and the martensite phases.
This article is part of the themed issue 'Taking the temperature of phase transitions in cool materials'.
Introduction
Recent worldwide demand for the reduction of greenhouse gas emission has stimulated researchers to the development of new cooling systems and refrigerant materials which exhibit large caloric effects [1] . Alloys exhibiting a significant magnetocaloric effect through first-order transitions, such as GdSiGe- [2] , LaFeSi- [3] and Ni-Mn-X-based magnetic shape memory alloys [4, 5] , are representative of such materials. The magnetocaloric effects in these alloys arise mainly from the large temperature dependence of magnetization across the first-order transition temperature of each alloy [2, 6] . We may also expect that elastocaloric materials are candidates for refrigerant materials provided that a sufficiently large caloric effect with small hysteresis loss is realized [7] . The elastocaloric effect can be evaluated as the isothermal entropy change ( S iso ) and adiabatic temperature change ( T adi ) caused by the application and removal of external stress, σ . In the stress-applying process, they are given as
and
where ε and C, respectively, are the strain and the heat capacity at stress σ and temperature T. Equations (1.1) and (1.2) imply that a large elastocaloric effect appears when temperature dependence of the strain is large enough. A large elastocaloric effect is known to appear in association with a stress-induced martensitic transformation and the reverse transformation. Therefore, Ti-Ni-and Cu-based shape memory alloys are candidates for the large elastocaloric effect. One problem of the shape memory alloys is a large energy dissipation (hysteresis loss) which arises in association with the movement of interfaces between the parent and the martensite phases and also between the variants of the martensite. The hysteresis loss could be reduced if the transformation becomes weak first-order because the difference in lattice parameter is quite small in the case of such a transformation. Recently, we found that a significant elastocaloric effect can be realized in an Fe-31.2Pd (at.%) single crystal [8, 9] . This alloy exhibits a weak first-order (second-order like) martensitic transformation from a cubic structure to a tetragonal structure [10] . This transformation is associated with significant softening of elastic constant C [11] . Therefore, the elastic strain depends strongly on temperature and we can obtain a suitable elastocaloric effect. In this paper, we report temperature dependence of elastic behaviour and the adiabatic temperature change T adi in the Fe-31.2Pd alloy.
Elastic deformation
The Fe-31.2Pd alloy exhibits a martensitic transformation at 230 K from a face-centred cubic (FCC) structure to a so-called face-centred-tetragonal (FCT) structure. As seen from figure 1, the lattice parameters a and c both change gradually in the tetragonal phase as temperature decreases, while the jump at the transformation temperature is small [12] . Also, we observe a small latent heat of 21 J mol −1 associated with the transformation. Representative latent heat for Ti-Ni shape memory alloy, which is a representative candidate for elastocaloric material, is 530 ∼ 1641 J mol −1 depending on composition [13] . Thus, we can say that this cubic-tetragonal transformation is a weak first order in nature and is considered to be caused by the band Jahn-Teller effect [14] . Figure 2 shows stress-strain curves of an Fe-31.2Pd alloy obtained by applying compressive stress in the [001] direction. Since compressive stress is applied, the signs of stress and strain are negative. It is clearly seen that the strain at a constant stress depends significantly on temperature. Therefore, from equations (1.1) and (1.2), we can expect a suitable elastocaloric effect in this alloy. In addition, the hysteresis between the stress-applying process and stress-removing process is negligibly small at any temperatures examined. This means that energy dissipation by stress application and removal is very small in the Fe-31.2Pd alloy, which will be one of important advantage for elastocaloric materials. From the initial slope of figure 2, we can obtain Young's modulus in the [001] direction of the cubic phase. The Young modulus, E [001] , thus evaluated depends on temperature as E [001] = α(T − 230) with α = 0.19 GPa K −1 . Such a linear temperature dependence of Young's modulus is in good agreement with the softening of elastic constant C reported previously [11] .
The maximum reversible elastic strain of the Fe-31.2Pd at 240 K is more than 6% and that at 300 K is more than 4% as shown in figure 3 . The yield stress is about 285 MPa at 240 K and 310 MPa at 300 K. The value of the elastic limit is quite large compared with that of conventional metals and alloys. When the stress exceeds the yields stress, the specimen exhibits plastic deformation and direction [8] .
mechanical twinning with the {111} twinning plane is introduced in the specimen. Incidentally, the high elastic strain cannot be obtained in polycrystalline specimens composed of randomly orientated crystals. When a polycrystalline specimen is used, the maximum elastic strain is about 0.7%, which is the same order as conventional metals and alloys. Temperature dependence of strain can be also evaluated by measuring the strain of the specimen under constant stresses. Figure 4 shows the strain versus temperature curve obtained in the heating process. It is clearly seen that the strain depends strongly on temperature especially near 250 K, which is slightly above the martensitic transformation temperature of this alloy.
Critical point for face-centred cubic-face-centred-tetragonal phase boundary
As the FCC-FCT transformation is weak first order, there is a phase boundary between FCC and FCT phases. Figure 5 shows the stress-temperature phase diagram of Fe-31.2Pd which is evaluated by the thermal expansion measurements of the is given by a line as in most shape memory alloys. However, unlike conventional shape memory alloys, this phase boundary becomes unclear under some higher stresses and our experimental results suggest that the phase boundary disappears under stress. That is, there seems to be a critical point in the stress-temperature phase diagram of Fe-31.2Pd alloy as in the critical behaviour for the liquid-vapour transformation. One reason for the existence of the critical point could be the symmetry of the martensite phase. As the symmetry of the FCT martensite is the same as the elastically deformed FCC phase, the parent phase with FCC structure can be brought to the martensite phase with FCT structure without discontinuity in structure, which is a characteristic feature of first-order transformations. Figure 6 shows the temperature change of the specimen caused by the application and removal of stress at furnace temperature of 250 K and 205 K. The stress is applied in the [001] direction with a high strain rate of 0.13 s −1 . The high strain rate is employed to realize a pseudo-adiabatic condition. When the furnace temperature is 250 K (in the parent phase), the temperature of the specimen increased by 1 K during the loading process up to 50 MPa and by 3 K during the loading process up to 200 MPa. The temperature of the specimen in the stress-applying process decreases by almost the same amount in the stress-removing process because of small energy dissipation in the loading and unloading process. Similar temperature change can be also seen at 205 K (in the martensite phase). Experimental temperature change induced in the unloading process [9] .
Elastocaloric effect
the elastocaloric effect in Ti-Ni-and Cu-based shape memory alloys in which the elastocaloric effect appears only in the temperature region of the parent phase. Figure 7 summarizes the pseudo-adiabatic temperature decrease of the specimen in the unloading process. We notice that the adiabatic temperature decrease (− T adi ) shows a peak at any stress examined and the peak position is slightly above the transformation temperature (230 K). The peak position agrees with the temperature where the dε/dT in figure 4 is the largest. We also notice that the value of − T adi increases with increasing applied stress (−σ ) and − T adi under a stress of 200 MPa is higher than 1.5 K in a wide temperature range of between 175 K and 335 K.
The red (dashed) curve in figure 7 is the calculated temperature change under 50 MPa using equation (1.2) and the strain shown in figure 4 . The calculated temperature change is apparently larger than that of experimentally obtained values. However, the peak temperature is nearly the same as that of the experiments. The main cause of the difference between experiments and calculations is probably due to the insufficient adiabatic condition used for the experiments. The blue (dotted) curve in figure 7 is the contribution of the latent heat for the temperature change. In alloys exhibiting a strong first-order transformation, the temperature change is essentially caused by the latent heat. However, in the Fe-Pd alloy, which exhibits a weak first-order transformation, the contribution of latent heat is not strong, but both the parent and the martensite phases show an elastocaloric effect. This means that we can use the elastocaloric effect in this material with a wide temperature range, including room temperature.
Conclusion
Fe-31.2Pd alloy exhibits a large elastic strain of more than 6% when compressive stress is applied in the [001] direction. Among the strain, the transformation strain seems to decrease as temperature increases and becomes zero at the critical point (approx. 280 K, approx. 40 MPa). Because of the significant temperature dependence of elastic strain, Fe-31.2Pd exhibits a large elastocaloric effect with a quite small hysteresis loss.
Materials fabrication and experimental procedure
Ingots of Fe-31.2Pd alloy were prepared by arc melting from a high-purity Fe rod (99.998%) and Pd sheet (99.9%). From the ingots, single crystals were grown by a floating zone method with a growth rate of 3 mm h −1 . The orientation of the crystal was determined by a back-reflection
